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(57) Abstract 

A multi-streaming processor has a plurality of streams 
(103) for streaming one or more instruction threads, a set 
of functional resources (107) for processing instructions 
from streams; and interstream control mechanisms (115) 
whereby any stream may effect the operation of any other 
stream. In various embodiments the interstream control 
mechanisms include mechanisms for accomplishing one or 
more of enabling or disabling another stream, putting stream 
into a sleep mode or awakening another stream from a sleep 
mode, setting priorities for another stream relative to access to 
functional resources, and granting blocking access by another 
stream to functional resources. A Master Mode is taught, 
wherein one stream is granted master status, thereby may 
exert any and all available control mechanisms relative to 
other streams without interference by any stream. Supervisory 
modes are taught as well, wherein control may be granted 
from minimal to full control, with compliance of controlled 
streams, which may alter or withdraw control privileges. 
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Interstream Control and Communications 
for Multi-Streaming Digital Processors 



Field of the Invention 

The present invention is in the field of digital processors, and pertains more 
1 0 particularly to such devices capable of executing multiple processing streams 
concurrently, which are termed multi-streaming processors in the art. 



15 



Background of the Invention 

20 

Multi-streaming processors capable of processing multiple threads are known in 
the art, and have been the subject of considerable research and development. The 
present invention takes notice of the prior work in this field, and builds upon that 
work, bringing new and non-obvious improvements in apparatus and methods to the 

25 art. The inventors have provided with this patent application an Information 

Disclosure Statement listing a number of published papers in the technical field of 
multi-streaming processors, which together provide additional background and context 
for the several aspects of the present invention disclosed herein. 

For purposes of definition, this specification regards a stream in reference to a 

30 processing system as a hardware capability of the processor for supporting and 
processing an instruction thread. A thread is the actual software running within a 
stream. For example, a multi-streaming processor implemented as a CPU for 
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operating a desktop computer may simultaneously process threads from two or more 
applications, such as a word processing program and an object-oriented drawing 
program. As another example, a multi-streaming-capable processor may operate a 
machine without regular human direction, such as a router in a packet switched 

5 network. In a router, for example, there may be one or more threads for processing 
and forwarding data packets on the network, another for quality-of-service (QoS) 
negotiation with other routers and servers connected to the network and another for 
maintaining routing tables and the like. The maximum capability of any multi-streaming 
processor to process multiple concurrent threads remains fixed at the number of 

1 0 hardware streams the processor supports. A multi-streaming processor operating a 
single thread runs as a single-stream processor with unused streams idle. For purposes 
of the present specification a stream is considered an active stream at all times the 
stream supports a thread, and otherwise inactive. 

As described above and in the papers provided by IDS in the present case, 

1 5 superscalar processors are also known in the art. This term refers to processors that 
have multiples of one or more types of functional units, and an ability to issue 
concurrent instructions to multiple functional units. Most central processing units 
(CPUs) built today have more than a single functional unit of each type, and are thus 
superscalar processors by this definition. Some have many such units, including, for 

20 example, multiple floating point units, integer units, logic units, load/store units and so 
forth. Multi-streaming superscalar processors are known in the art as well. 

The inventors have determined that there is a neglected field in the architecture 
for all types of multi-streaming processors, including, but not limited to the types 
described above: The neglected field is that of communications between concurrent 

25 streams and types of control that one active stream may assert on another stream, 
whether active or not, so that the activity of multiple concurrent threads may be 
coordinated, and so that activities such as access to functional units may be 
dynamically shared to meet diverse needs in processing. 

Accordingly, what is clearly needed in the art is apparatus and methods for more 

30 sophisticated interstream control and communication in all processor architectures that 
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support multi-streaming or multi-threading, including but not limited to superscalar 
processors and processors that interleave instructions. The present invention teaches 
such apparatus and methods, which are disclosed below in enabling detail Significant 
added flexibility, efficiency, and robustness are provided to multistream processor 
5 architectures and the ability to handle time-critical threads is enhanced at relatively low 
cost in the number of additional gates for implementation, as well as considerable 
additional benefits. 



10 Summary of the Invention 

In a preferred embodiment of the invention a multi-streaming processor is 
provided, comprising a plurality of streams for streaming one or more instruction 
threads; a set of functional resources for processing instructions from streams; and 

15 interstream control mechanisms whereby any stream may effect the operation of any 
other stream. In various embodiments the interstream control mechanisms include 
mechanisms for accomplishing one or more of enabling or disabling another stream, 
putting another stream into a sleep mode or awakening another stream from a sleep 
mode, setting priorities for another stream relative to access to functional resources, 

20 and granting blocking access by another stream to functional resources. 

In some embodiments the interstream control mechanisms include a master 
mode, whereby one stream is granted master status, and thereby may exert any and all 
available control mechanisms relative to other streams without interference by any 
stream. Also in some embodiments the interstream control mechanisms include 

25 supervisory modes, wherein control may be granted from minimal to full control, with 
compliance of controlled streams, which may alter or withdraw control privileges. 

A variety of mechanisms may be implemented for interstream control hierarchy, 
such as a mechanism wherein master status and interstream control hierarchy is 
recorded and amended by at least one on-chip bit map. In this mechanism each stream 

30 maintains and edits a bitmap granting or withdrawing control privileges for each other 
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stream, the settings valid for any stream but a Master stream, which will ignore the 
settings. 

In another aspect of the invention a method for providing cooperation among 
software threads running concurrently in separate streams of a multi-streaming 

5 processor is provided, comprising steps of (a) implementing interstream control 
mechanisms in the processor, wherein any stream may exert control functions on any 
other stream; (b) establishing control access privileges associated with each stream 
wherein scope of control for every other stream is recorded; and (c) exercising 
interstream control between operating streams using the control mechanisms within the 

1 0 scope recorded for each stream. 

In this method the scope of control may include one or more of enabling or 
disabling another stream, putting another stream into a sleep mode or awakening 
another stream from a sleep mode, setting priorities for another stream relative to 
access to functional resources, and granting blocking access by another stream to 

1 5 functional resources. There may further be a step for setting a master mode, wherein 
one stream is granted master status, and thereby may exert any and all available control 
mechanisms relative to other, streams without interference by any stream. There may 
still further be supervisory modes, wherein control may be granted from minimal to full 
control, with compliance of controlled streams, which may alter or withdraw control 

20 privileges. In the method master status and interstream control hierarchy may be 

recorded and amended by at least one on-chip bit map, wherein each stream maintains 
and edits a bitmap granting or withdrawing control privileges for each other stream, 
the settings valid for any stream but a Master stream, which will ignore the settings. 
In other aspects of the invention computing systems are taught using 

25 processors according to embodiments of the invention. In the various embodiments 
and applications of the invention new ability for control in multi-streaming processors 
is provided, bringing new and powerful concepts, processors, and systems to the art. 



30 
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Brief Description of the Drawings 



Fig. 1 A is a generalized diagram of a multi-streaming processor according to an 
embodiment of the present invention. 
5 Fig. IB is an exemplary bitmap illustrating control authorization data according 

to an embodiment of the present invention 

Fig. 1C illustrates resource assignment for streams according to an embodiment 
of the present invention. 

Fig. ID illustrates priorities for a stream according to an embodiment of the 
1 0 present invention. 

Fig. IE illustrates control indicators for one stream according to an embodiment 
of the present invention.. 

Fig. 2A is a flow chart illustrating one method whereby a thread in one stream 
forks a thread in another stream and later joins it. 
1 5 Fig. 2B is a flow chart illustrating another method whereby a thread in one 

stream forks a thread in another stream and later joins it. 

Fig. 3 is a flow chart illustrating a method whereby a stream in one stream 
forks a thread in another stream in a processor containing a special register transfer. 

20 Description of the Preferred Embodiments 

Multiple active streams operating in the same processor are often related by the 
nature of the threads supported. Advantages may be gained, therefore, if a thread 
running in one stream (an active stream) is enabled to initiate and/or control functions 

25 of one or more other active streams. Active streams may share work on the same task 
and may therefore need efficient methods of passing data. One active stream may 
temporarily require exclusive use of certain processing resources or of total 
throughput. Such an active stream needs a way of asserting its particular claims, while 
allowing other active streams to continue operating as efficiently as possible with fewer 

30 resources. These are issues in all multi-streaming processors. In this concept and the 
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descriptions that follow, it is well to remember again that by an active stream is a 
stream that is running a particular thread, and also that a thread context is associated 
with an active stream by a register file. 

Multi-streaming processors, as described in priority document S/N 09/216,017, 

5 have physical stream resources for concurrently executing two or more instruction 
threads, and multiple register files as well. The present invention applies to all such 
processors and also to processors that may accomplish multi-streaming in other ways. 
In various embodiments of the present invention a set of editable characteristics is kept 
for active streams, and these characteristics regulate the forms of control that may be 

10 exercised by other active streams over that particular stream. These editable 
characteristics may take any one of several forms in different embodiments, by 
convenience or for special reasons. In preferred embodiments the editable 
characteristics are implemented in silicon on the processor chip, as this arrangement 
allows very quick access in operation. The invention, however, is not thus limited, and 

1 5 such characteristics may be stored and editable in other ways. The editable 

characteristics may also be mapped as stream-specific or context-specific in different 
situations and embodiments. 

In one exemplary embodiment a bit-map is maintained wherein individual bits or 
binary values of bit combinations are associated with individual streams and assigned 

20 particular meaning relative to inter-stream communication and control, indicating such 
things as supervisory hierarchy among streams at any particular time, access of each 
stream to processor resources, and state control for Master Stream, Enable and 
Disable modes, and Sleep modes, which are described in further detail below. 

In the bit-map described above, some supervisory control bits regulate the forms 

25 of control that any other active stream may exercise over each individual active stream. 
Active streams may, within carefully defined limits, set and reset their own control 
bits, and other active streams with appropriate permission may also do so. A master 
thread, at any point in time, may run in a stream, which is then designated a Master - 
Stream while running a Master Thread, and a Master Stream has complete control 

30 over slave streams, and may at any time override the control bits of the slave streams. 
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If there is more than one Master stream running, each may have different designated 
slave streams. With appropriate control settings, active streams may act as supervisors 
of other active streams, temporarily (typically) controlling their execution and 
communicating with them. Further, a Master Stream has, and supervisor streams may 
5 have, control over what processing resources active slave streams may use, either 
directly or by modifying a stream's priorities. 

Fig. 1 A is a generalized diagram of a multi-streaming processor according to an 
embodiment of the present invention, showing an instruction cache 101 providing 
instructions from multiple threads to four streams 103, labeled 0-3, from which an 
1 0 instruction scheduler dispatches instructions from active streams to functional 

resources 107. A set of multiple register files 109, in this case four, but may be more, 
is shown for use in processing, such as for storing thread contexts to be associated 
with active streams during processing. Data flows to and from register files and a data 
cache 1 1 1, and the functional resources may include a Register Transfer Unit (RTU) as 
15 taught in priority document S/N 09/240,012 incorporated herein by reference. 

In this embodiment a unique inter-stream control bit-map 115 stores individual 
bits, and in some cases binary values of bit combinations, associated with individual 
streams and assigned particular meaning relative to inter-stream communication and 
control, as introduced above. A shared system bus 1 13 connects the instruction and 
20 data caches. The diagram shown is exemplary and general, and the skilled artisan will 
recognize there are a number of variations which may be made. The importance for 
the present purpose is in the multiplicity of streams adapted to support a multiplicity of 
threads simultaneously. 

It was described above that Inter-stream control bitmap 1 15 is a reference 
25 repository of control settings defining and configuring Inter-stream control. In this 
reference single bits in some instances, and binary values represented by two or more 
bits in other instances, define such things as priorities of an active stream for shared 
system resources, fixed resource assignment to particular streams, and control 
hierarchy among active streams. Specific control characteristics in one exemplary 
30 embodiment are described below. 
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In one aspect of control in this embodiment of the present invention, an active 
stream is enabled to set and edit control reference data unique to that stream. In 
another aspect one stream may alter the control reference data for other streams. In 
the latter aspect each particular stream may control which other streams may edit 

5 which control data for the particular stream. 

Fig. IB is a portion of bit map 115 of Fig. 1 A, showing bits set to indicate state 
of authorization granted by one stream, in this case stream 0, for other streams to alter 
control bits associated uniquely with stream 0, or to exercise specific control functions 
relative to stream 0. A similar bit map in this embodiment exists for each of streams 1 , 

10 2, and 3, but one instance is sufficient for this description. In this matrix there is a row 
for each of streams 1, 2, and 3, and columns for control definition. Again, these bits 
may be set by active stream 0, and the motivation for editing the bit map will be related 
to the function of stream 0, which will be defined by the nature of the thread running in 
stream 0. The bit map, however, is a physical resource associated with a stream in a 

15 multi-streaming processor, and exists to enable several forms and degrees of inter- 
stream control and cooperation. 

The first column from the left in Fig. IB is labeled supervisory, and indicates 
supervisory authorization. Logical 1 in the row for streams 1 and 2 indicates that 
stream 0 grants supervisory access to streams 1 and 2, but not to stream 3. 

20 Supervisory access means that these other streams may edit the control data for the 
instant stream. With the setting shown, then, the inter-stream control data for stream 
0 may be edited by streams 0 (itself) 'and also by streams 1 and 2, but not by stream 3. 
Because each active stream may edit its own control data, the authorization for 
streams 1 and 2 may be rescinded at any time, and re-authorized at any time, by active 

25 stream 0. 

An example of a situation wherein stream 0 might grant access to one or more 
streams to edit its own control data configuration would be in the case that stream 0 is 
running a very low priority thread, or is not running a thread at all, and is simply 
available for a new thread. 
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The second column in Fig. IB is labeled enable. Stream 0 uses a bit in this 
column to grant permission for another stream to enable stream 0 if stream 0 is 
disabled. In the instant case there are no logical l's in this column, so none of streams 
1, 2 or 3 may enable stream 0. There is a distinct difference between the authorization 

5 for supervisory editing access described above relative to the first column of Fig. IB, 
and authorization for such as enable or disable. In the first case, permission is granted 
for another stream to set the control data for the instant stream, reconfiguring the 
control hierarchy between streams in a broad aspect. In the second instance no access 
to control data is granted to another stream, but another stream is granted permission 

10 to exercise a specific form of control, such as enable or disable for the instant stream. 
The next bit column to the right of enable is disable, and the exemplary setting 
indicates that streams 1 and 3 are at the moment granted permission to disable stream 
0. 

The next bit column is labeled priorities, and a logical 1 in this column for a 

1 5 stream indicates that stream 0 grants another stream permission to set priorities for 
stream 0. In the instant case stream 0 does not allow any other stream to set its 
priorities. Priorities are typically set in embodiments of the invention to indicate access 
to processor resources. The next bit column is labeled interrupts, and means that 
another stream may interrupt stream 0. In the instant case stream 2 is granted the 

20 interrupt privilege. 

It should be clear to the skilled artisan, given the teachings of this specification, 
that there are a variety of revisions that might be made in the matrix shown, and the 
meaning of specific columns. It should also be clear that the matrix illustration is 
exemplary, and the bits described could as well be individual bits in a two-byte register, 

25 as long as the convention is kept as to which bits relate to which streams and to which 
control functions and resources. 

In preferred embodiments of the present invention inter-stream control is 
described for multi-streaming, super-scalar processors, meaning processors that have 
multiple streams and also multiple functional resources. Such a processor may have, 

30 for example, several integer processing units, several floating point processing units, 
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several branch units, and so on. The inter-stream control configuration indicated by 
bitmap 1 15 (Fig. 1) may be set in embodiments of the invention to reserve certain 
resources to certain streams, and restrict those same resources from use by other 
streams. 

5 Fig. 1C is a bit row indicating instant resource assignment for stream 0. Again, 

similar resource assignment configuration may exist for all other streams as well, but 
one should be sufficient for illustration. In this case there are 4 integer units, 4 floating 
point units, and 4 branch units. The instant setting shows that stream 0 has reserved 
access to integer units 1, 2, and 3, and to branch unit 1. Conversely, this setting means 

10 stream 0 may not access integer 4, any floating point unit, or branch units 1, 2, or 3 . 
Because stream 0 as an active stream may set its own configuration, including granting 
and denying control bit setting to other streams, stream 0 (or any active stream) may 
reserve, in specific instances, specific resources. Again it will apparent to the skilled 
artisan that the structure illustrated is exemplary, and the could be varied in a number 

1 5 of ways. 

In some cases, rather than relying on a fixed assignment and division of 
resources in a superscalar processor, better results may be obtained by assigning 
resources by priority to streams, or by a mixture of assignment for some resources and 
priority management for others. By fixed assignment is simply meant that for a period 

20 of time, as shown in Fig. 1C, resources may be distributed exclusively, but the 

distribution may, of course, be edited (altered) by each active stream at any time for its 
own assignments, or, in cases where authorization is granted, by another active stream. 

Fig. ID illustrates a portion of bitmap 1 15 of Fig. 1 devoted to priority settings 
for stream 0. In this case, priorities may vary from zero to seven, so three bits are 

25 needed for each priority level setting, with the binary value of the bits indicating 
priority level. There are in one embodiment three different sorts of priorities, which 
may be termed execution priority, interrupt priority and resource priority. All three 
types of priority are illustrated in some form in Fig. ID, although there may be more or 
less granularity than illustrated. 
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In Fig. ID the top row indicates execution priority. This setting determines for 
a stream what threads may execute in that stream. That is, a thread may have 
inherently a certain priority or be assigned a priority, and the execution priority as 
shown in Fig. ID may be edited by a stream or for a stream by a supervisor active 
5 stream. Only a thread with a priority higher than the stream's execution priority may 
execute in that stream. The concept of a thread having a priority may be implemented 
in different ways. In some preferred embodiments a thread has a priority by virtue of a 
thread context which has an assigned and alterable priority. That is, when a context is 
loaded to a register file, that context may be assigned a priority number of pre- 

1 0 designed or determined granularity, and the thread that is (or will be) called to a stream 
when the context is made active and associated with a stream may then be said to have 
the priority of the context stored in the register file. In some cases, as will be made 
more clear in description to follow, contexts may be stored in memory other than in a 
register file, and be retrieved at a later time to a register file for initial or further 

1 5 processing. The stored context may carry the priority level of the context as well. 

The second row from the top in Fig. ID indicates interrupt priority for stream 
0. The interrupt priority shown is three, which means that only an interrupt with a 
priority level of three or higher may interrupt stream 0. Again, the stream itself when 
active with a thread or an active supervisor stream may edit the interrupt priority level. 

20 The lower three rows of the priority level settings for stream 0 in Fig. ID, 

labeled integer, floating point, and branch, indicate priority levels for stream 0 for 
access to types of processor resources. It will be apparent to the skilled artisan that 
these three do not constitute all types of processor resources, and there may therefore 
be more rows for the resource priorities in some embodiments. 

25 At the point in time illustrated stream 0 has a seven (highest) priority for 

integer units, a priority level of four for floating point units, and a priority level of three 
for branch units. These settings are exemplary, and there may well be, in alternative 
embodiments, priorities maintained for other processor resources. In various 
embodiments of the invention temporarily fixed resource assignments may be used 

30 exclusively, in others priority may be used exclusively, and in still others, a mixture of 
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the two. Resource priority means that in a case of contention for a resource, the active 
stream with the highest priority will claim the resource. 

In this embodiment of the invention other control bits are used to indicate 
control hierarchy and state. Fig. IE indicates such control bits for stream 0. In this 

5 example, the control bits for stream 0 in Fig. IE indicate that stream 0 is, at the instant 
in time, running a Master thread, and is enabled, but is not in sleep mode. These bits 
are indicative, and are primarily for reference for other active streams in operation. 
For example, if one active stream disables another, in the process the acting stream sets 
the enable/disable bit for the subservient stream. If an active stream puts itself in sleep 

1 0 mode, it sets its sleep bit before going to the sleep mode, so active streams may know, 
by checking the control bits, that that stream is in sleep mode. The control that one 
active stream may exert on another is accomplished in some instances by setting bits in 
the control configuration, such as by editing the resource allocation and/or priorities 
for another stream, and in other instances in other ways, such as through issuing a 

1 5 software interrupt, starting a new thread in an inactive stream, and so on. 

A Master stream is a Master stream by virtue of running a Master thread, and 
an active Master stream has complete access and control over other streams, which are 
slave streams to the Master. It is not necessary that any stream grant the Master 
stream permission to edit control configuration. A Master stream may have a variety 

20 of duties, one of which, in preferred embodiments, is initial setup of a multi-streaming 
processor. On startup and reset in a system utilizing a processor according to an 
embodiment of this invention, a Master stream will typically be called at some point in 
the boot process, and will act for example to set initial priorities for streams, to set 
supervisory bits, and to start specific threads in specific streams. These duties can and 

25 will vary from system to system, as, in some cases some default settings may be made 
by executing specialized BIOS code, and a Master thread may be called for further 
setup duties, and so on. 

After startup a Master thread need not typically remain executing in a stream of 
the processor. The Master stream, having accomplished its ends, may set another 

30 thread to start in the stream it occupies, then retire, or may simply retire, leaving an 
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inactive stream available for use by another active stream to execute such as an 
interrupt service routine, a utility function of another sort, and the like. A Master 
thread may be recalled after retiring for a number of reasons. For example, a 
contention for resources may require the Master for resolution, or an interrupt or 

5 exception may require the Master stream for resolution. It will also be apparent to the 
skilled artisan that the Master stream in some systems may be running the Operating 
System or a portion thereof, or a routine loaded and active with a system BIOS, and 
the like. In some systems according to embodiments of the invention, all inter-stream 
control functions may be disabled, allowing the processor to run just as a processor 

1 0 without the control capabilities taught herein. 

In some embodiments there may be certain fixed functionality. For example, a 
processor according to the invention may be hard-wired to make one stream always 
the Master stream, and no other. By hard-wired is meant that certain functionality is 
preset by the hardware resources implemented in silicon devices and their connections. 

1 5 Specific assignments of other threads to specific streams may also be set. In such 
cases, specific resource priorities and/or assignments may also be set, or any other of 
the inter-stream functionalities taught herein. Such pre-setting wilt be highly desirable 
for highly dedicated system applications, such as, for example, network routers and the 
like. 

20 It will be apparent to the skilled artisan, following the teaching herein, that there 

will be a number of ways that control data may be represented, stored, and accessed. 
The illustrations provided herein are exemplary. In a preferred embodiment the 
control data map is implemented in silicon devices directly on the processor chip. This 
arrangement is preferred because, among other things, access to the control data is 

25 fast. In some embodiments, however, a control bitmap may be in any accessible 

memory device in a system, such as in an otherwise unused portion of RAM, or even 
on such as a flash card memory. 

The concept and existence of a Master thread in a system according to an 
embodiment of the present invention has been discussed above. All other threads are 

30 slaves to a Master thread, so all active streams other than one Master stream are slave 
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streams to the Master. There are, however, other levels of control other than Master 
and slave. Specific streams may be granted supervisory control, and be expected to 
exercise supervision responsibilities over other streams, as may be inferred from the 
teaching above. The state of supervisory bits in the embodiments of the present 

5 invention described above reflects the granularity of supervisory control. 

It was described above that a Master thread may pursue such ends as initial setup 
and loading of threads into streams, and may return to resolve conflicts and exceptions. 
Just as in any other processor system, however, the overall system function is to 
execute one or more applications. In a general-purpose computer there may be many 

10 applications, and the uses of the computer are similarly many. One may browse the 
Internet, send and receive e-maiis, make drawings, process photographs, compose 
word documents, and much more. Typically each application is dedicated to particular 
functions, and application threads, as applications are called, occupy one or more of 
the streams of the processor. 

1 5 In more dedicated systems, such as, for example, a data router in a packet data 

network, there are relatively fewer applications, and the functions of the machine are 
typically ordered in some fashion other than user-initiated. In a data router, for 
example, the functions may be called according to characteristics of data received to be 
processed and forwarded. 

20 In one aspect of the invention software is specifically enhanced to take maximum 

advantage of the new and unique control functions of a multi-streaming processor 
according to embodiments of the invention, although this is not required in all 
embodiments. Also, some software executing on a processor may be enhanced 
according to embodiments of this invention, and other software may not. Typically, 

25 there will be at least an operating system or Master thread, or both, with specific code 
to cooperate with the new control and status functions built into a multi-streaming 
processor according to embodiments of the invention. 

Given the control data resources and functions described above with reference to 
Figs. 1 A through IE, there are a wide variety of configurations that might be 

30 implemented, all the way from completely fair, with all streams being equal, to highly 
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dedicated, with many functions preset and not variable. For example, in some 
processors according to the present invention one stream, say stream 0, may be always 
the Master stream by design. Since the Master stream has complete access to all 
processor resources, and may manipulate control data for all the other streams, while 

5 no other stream may change control functions for the Master stream, the data bits and 
values shown for streams in Figs. IB through IE, and described above, would not need 
to be implemented for the dedicated Master stream. 

Given the descriptions and exemplary architecture described above, there are a 
broad variety of inter-stream communications and control functions that may now be 

10 performed that were not available prior to the present invention. For example, any one 
active stream may manipulate its own resource allocation and priority according to its 
needs, which will relate closely to the nature of the thread running in the stream, and 
the nature of other threads available to run or actually running in other streams. Also 
an active stream may start, enable, disable, interrupt, branch and join other streams 

15 with prior knowledge of possible repercussions, because each active stream may check 
the control data settings for other streams. The enormous advantage provided is an 
ability to maximize real-time efficiency rather than simply use of processor resources. 
That is, system goals may now be addressed. Processors have historically been 
designed to maximize processor resources, in an often incorrect assumption that to do 

20 so necessarily addresses system goals as well. It is easy to understand, however, that a 
multi-streaming processor may be fully engaged efficiently accomplishing low-priority 
tasks, while higher priority tasks receive inadequate attention, and therefore does not 
adequately address system goals. 

In embodiments of the present invention one active stream, running a thread 

25 (application) that may need or be enhanced by another thread running in parallel, may 
call the subservient thread and start it an available stream. An example is a WEB 
browser accessing a WEB page having an MPEG video clip. The browser, running in 
one stream of a processor according to an embodiment of the present invention may 
call an MPEG player to run in an available stream. The state of the data control bits 

30 and values will guide the browser stream in selecting a stream for the MPEG player. 
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The browser may not, for example, co-opt an active stream running a thread having a 
higher priority. It may, however, co-opt a stream that has set its control data bits that 
it may at any time be interrupted. 

Operation in this embodiment can be illustrated by following a sequence of 

5 operations to accomplish a typical task, such as forking a new thread. Threads can 
fork other threads to run in different streams. For example an operating system may 
wish to fork an application program, or an application may need to fork a sub-task or 
thread. A thread encountering an exception may fork a process to handle it. 
A preferred method in an embodiment of the invention for fork and join 

10 operations is shown in Fig. 2A. Assume that the thread in stream 1 of Fig. 1 is forking 
a new thread. To do so, stream 1 as the supervisor thread requests an idle stream to 
use in step 201 and waits until such a stream is available in step 202. In most cases 
there will be no wait. Stream 1 receives the number of an available stream, for 
example stream 2 in step 203. In some circumstances there will need be a wait limit, 

1 5 after which, with no stream becoming available, alternate action is taken. For the 
present example, however, it is assumed that a stream is immediately available or 
becomes available in a reasonable interval. 

To initialize stream 2 to run the new thread, active stream 1 loads the assigned 
stream's program counter with the address of the first instruction in the new thread 

20 and loads other components of the new thread's context into appropriate elements of 
processor resources in step 204 and sets the priority map for stream 2 in step 205. 
Stream 1 may also set supervisory control bits 107 for stream 2 in step 206. 
(Alternatively, the new thread, running in stream 2, may set the bits after step 208.) 
Stream 2 must have its supervisory control bits set to allow the supervisor thread to 

25 act as its supervisor and the supervisory control bits of the supervisor must be set to 
allow the controlled thread to interrupt it. When these initializing steps are done, the 
supervising thread starts the new thread in stream 2 in step 207. Alternatively, stream 
2 may be put in sleep mode, waiting on an internal or external event. The new thread 
starts running in stream 2 in step 208. In steps 209 and 210 both streams run 
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independently and concurrently until a join is required. In this example, it is assumed 
that the thread running in stream 1 finishes first. 

When the supervisor thread needs to join the forked thread, it checks first to see 
if the forked thread is still running. If so, it executes an instruction at step 21 1 that 
5 puts itself to sleep, setting the sleep bit in stream control bits 1 1 8, and then waits for a 
join software interrupt from the forked thread. The forked thread sends a join interrupt 
in step 212 and the supervisor thread receives the interrupt and wakes in step 213. 
The supervisor completes the join operation in step 214, Finally the forked thread ends 
in step 215, freeing its stream for use by another thread. 
10 Fig. 2B illustrates the companion case wherein the forked stream finishes before 

the supervisor stream. In this case, when the forked stream finishes, it immediately 
sends the join interrupt (step 216). The interrupt remains on hold until the supervisor 
stream finishes, then the interrupt is serviced in step 217 and the join is completed. If 
registers can be loaded and stored in the background as described in co-pending 
1 5 priority application filed January 27, 1999, entitled Register Transfer Unit for 

Electronic Processor," then the process of forking a new thread for which the context 
is not already loaded is modified from the steps shown in Fig. 2 as shown in Fig. 3 . 

As shown in Fig. 3, the steps are identical to those in Figs. 2 A and 2B, except 
step 204 for setting program counter and context is eliminated. After step 206, in new 
20 step 3 0 1 , the supervisor signals the register transfer unit (RTU) to load the context for 
the new stream. When these operations are complete, the supervisor can continue with 
other operations in step 209. 

The RTU does the context switch in step 302. When the RTU is done loading 
the new stream's context, it can make the freshly loaded register file active and start 
25 the new stream in step 208, again, independently of the supervisor stream. Step 207 of 
Fig. 2 is thus eliminated. The remaining steps are identical to Fig. 2A, assuming the 
supervisor finishes first. Otherwise the same as Fig. 2B. As in Fig. 2 of the co- 
pending application, the register file previously used by stream 2 will be saved. 

The embodiments described above are exemplary of many embodiments that may 
30 be implemented within the scope of the present invention. Those skilled in the art will 
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recogaize that the powerful architectural concepts taught for the first time herein may 
be applied to many types of processors, including but not limited to single-chip 
systems, microprocessors, controllers, routers, digital signal processors (DSPs), 
routing switches and other network devices, and processors designed for other special 

5 uses. The teachings of this invention may be practiced in conjunction with processors 
of any size, from simple one-chip complete systems to complex supercomputer 
processors. The invention may be realized in simple and highly dedicated form for 
small systems or in complex, sophisticated form for large systems. By defining and 
enabling master and supervisor streams to control the utilization of resources of slave 

10 streams, a processor can be dynamically configured to meet the requirements of 

particular software and software mixes, to meet strict timing requirements for example. 

Streams can, for example, be guaranteed a certain percentage of overall processor 
throughput, or a percentage utilization of particular resources or classes of resources. 
Thus the new architecture allows balancing the optimization of the execution of 

1 5 particular threads along with efficient use of processing resources. 

As a further example of the use of priorities, consider a router for use in a 
packet-data network embodying a processor according to Fig. 1. Each stream in the 
router processor, except for a control program running as the master in stream 0, 
processes a separate flow of packets of three different types. Each of the three slave 

20 streams are processing packets using different protocols that have different service 
guarantees related to the timely forwarding of packets. Assume that for the particular 
protocols and classes of service being processed, access to integer units will have a 
great impact on meeting service guarantees. Accordingly, the master sets the priority 
map of stream 1, which has the highest service guarantee, to the value 6, giving it 

25 priority access to integer units higher than the other streams (except the master). 
Stream 3, with the next most strict service guarantee, has a lower priority, 5, and 
stream 2 the lowest priority, 3. After initially setting priorities, the Master monitors 
throughput for each protocol and insures that service guarantees are being met, 
modifying priorities further as needed. Thus the supervisor can dynamically allocate 

30 resources to streams based on the current needs of the threads, modifying priorities as 
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needed to meet service guarantees of a wide variety of protocols and classes of service. 
Because service guarantees are met using supervisory software and not hardware, the 
router can be easily upgraded as new requirements evolve. 

Another example of the use of priorities may also be illustrated by a data router 

5 system. Consider such a system having four streams, wherein one or more threads are 
available to streams for processing data packets. Assume that contexts have been 
loaded to register files and associated with streams to start a thread in each of the four 
streams to process arriving data packets. 

As is known in the art of data routers not all data packets are equal. Some 

1 0 packets need only be forwarded as received. Others may need to be restructured into a 
different format. Still others will need to be, for example encrypted/decrypted. The 
type of packet dictating the work flow to process the packet is typically contained in a 
header for the packet, and the type and scope for processing can only be known to the 
processor after a thread context is loaded to a register file, the register file is associated 

15 with a stream (active stream) and processing is commenced on a data packet. 

In a preferred embodiment of the present invention, as was illustrated in Fig. ID 
and described above, each stream is said to have an execution priority, meaning that 
only a process with higher priority may run in that stream. In one aspect the execution 
priority for each stream of a processor is maintained as three editable bits in a portion 

20 of bit map 1 1 5 of Fig. 1 . In the exemplary data router case, as packets arrive to be 
processed, the context for the packet is loaded to a register file. This may be done in 
preferred embodiments by a Register Transfer Unit (RTU) according to the teachings 
of priority document S/N 09/240,012. 

As described immediately above, it is necessary to commence processing of a 

25 data packet before the nature of the packet may be known. Therefore, as packets 
arrive and register files are loaded, each context is given an initial high priority. For 
example, on a scale of seven, each initial context will be assigned a priority of six. 

Now, as streams become available, register files are associated with streams, 
according to priority of the register files and the execution priority of the streams. 

30 Associating a register file with a stream starts the context thread in the stream, 
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constituting an active stream. The stream's execution priority is now set to the high 
priority (in this example, six) of the context that was loaded. As processing of the 
newly-loaded packet begins, it may be determined that the packet is indeed a fast 
packet, and the high priority is indeed appropriate, in which case the processing will 

5 continue to completion. In the present invention, at the completion of processing of a 
packet it is desired that the next context started in the stream be the highest-priority- 
level waiting context. This is done in this example by selectively lowering the 
execution priority until a context loads, or the execution priority is zero. The only way 
zero will be reached is if there is no waiting context of any priority. In this situation 

1 0 the stream will remain idle until any context becomes available. 

In this example, if the execution priority is six at the end of processing a packet, 
the execution level is reset to five, then four, and so on, which assures that the next 
context loaded will be the waiting context with the highest priority level. 

As processing commences, however, it may be determined that the packet is of a 

1 5 type that deserves an intermediate priority. The thread running in the stream then 
lowers the execution priority to perhaps four. If there are no waiting contexts higher 
than priority four, the active stream continues to process the data packet to 
completion, and follows the example described above, wherein, upon completion the 
stream will set its execution priority to three, then two, and so on until a new context 

20 loads. If, however, a new packet has arrived, since new contexts are given an initial 
priority of six, the arrival of the new packet will force a context switch, causing the 
stream to cease operations on the slower packet, and to commence processing instead 
the new, higher-priority data packet, resetting the execution priority of the stream to 
six. 

25 If the context switch ensues, the saved context still has a priority of four, and 

will await opportunity for re-assignment to a stream for further processing, typically 
under control of the RTU, as described above. There is, of course, no guarantee that 
any newly arrived data packet is a faster packet, but there is a certain probability that 
this is so. If the new packet is a faster packet, then system goals are enhanced. If not, 

30 then the active stream, now at priority level six again may again lower its own 
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execution priority to potentially delay execution of the newly loaded packet, and seek 
again a faster packet to process. The new packet, for example, may be a very slow 
packet, requiring decryption. The active stream may then lower the execution priority 
to two, and again force a context switch if a new packet has arrived for processing, in 
5 which case a context will be saved with a two priority for the slow packet, which will 
than wait for processing opportunity by virtue of priority. If a stream is running at an 
execution priority of two, no new packet (six) arrives, but there is a waiting context 
with a four priority, the four context will pre-empt the stream with the two execution 
priority, and so on. 

10 In this manner, packets may be processed with priority according to type, even 

though the type cannot be known until the context is loaded and processing has 
commenced on each newly-arriving data packet, providing a new way for system goals 
to be met in data routing applications, while also ensuring processor efficiency. 
Many other useful functions are consistent with the invention's teachings 

1 5 regarding interstream control and communication. In a simple two-stream controller 
for a dedicated application, for example, with a fixed master/supervisor and a fixed 
slave stream, a single supervisory control bit for the slave stream could give the master 
stream a useful type of resource control, such as allowing access to a floating point 
unit, while allowing the slave to suspend such control during critical periods using the 

20 supervisory control bit. 

The types of control that one stream may have over other streams through the 
mechanisms of supervisory control bits and stream control bits are not limited. A single 
type of control or a large number of controls may be appropriate, depending on the 
purpose of the system. Additional controls could regulate the sharing of global 

25 registers or global memory, memory protection, interrupt priorities, access to interrupt 
masks or access to a map between interrupts or exceptions and streams, for example. 
In a processor with one or more low power modes, access to power control may also 
be regulated through additional supervisory control bits and stream control bits or such 
control may be reserved exclusively for a stream that is running the master thread. 
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The type of control that one stream may have over another stream's resources 
can also take many forms. In one of the simplest forms, a simple two-stream 
controller, for example, to be used in a dedicated application, with a fixed 
master/supervisor and a fixed slave stream, a single stream control bit for the slave 

5 stream could give the master stream the ability to disable the slave during instruction 
sequences when the master needs full use of all resources. 

Priorities and scheduling of any form described in priority document S/N 
09/216,017 may be implemented in combination with the new teachings of the present 
invention. If such priorities are not implemented, then a stream could exert a simpler 

1 0 form of control by directly blocking another stream's access to one or more resources 
temporarily. In this case the supervisory control bits representing priorities would be 
replaced with bits representing resource control. Priority maps would be replaced with 
one or more control bits used to temporarily deny access to one or more resources or 
classes or resource. For example, if one stream needs exclusive use of a floating point 

1 5 unit, it can be made a supervisor of the other streams, and set resource control bits 
denying access to the floating point unit in each of the other streams while it needs 
exclusive access. If another partially blocked stream encountered a floating point 
instruction, the instruction scheduler would suspend execution of the instruction until 
the floating point resource control bit for that stream were reset by a supervisor 

20 stream. 

It will be apparent to the skilled artisan that there are many alterations that may 
be made in the embodiments described above within the spirit and scope of the present 
invention. For example, there are many ways the supervisory characteristics and 
relationships between streams may be recorded and amended, beyond the examples 
25 provided. There is similarly a broad range in granularity in control that may be 

exercised, and so on. Accordingly, the invention is limited only by the breadth of the 
claims below. 
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What is claimed is: 

1 . A multi-streaming processor, comprising: 
5 a plurality of streams for streaming one or more instruction threads; 

a set of functional resources for processing instructions from streams; and 
interstream control mechanisms whereby any stream may effect the operation 

of any other stream. 

1 0 2. The processor of claim 1 wherein the interstream control mechanisms include 
mechanisms for accomplishing one or more of enabling or disabling another stream, 
putting another stream into a sleep mode or awakening another stream from a sleep 
mode, setting priorities for another stream relative to access to functional resources, 
and granting blocking access by another stream to functional resources. 

15 

3. The processor of claim 2 wherein the interstream control mechanisms include a 
master mode, whereby one stream is granted master status, and thereby executes a 
Master stream and exerts any and all available control mechanisms relative to other 
streams without interference by any other stream, 

20 

4. The processor of claim 3 wherein more than one stream is accorded Master status, 
and the streams accorded Master status may each run a Master thread exercising 
Master control over specific other streams not under control of another Master stream. 

25 5 . The processor of claim 2 wherein the interstream control mechanisms include 

supervisory modes, wherein control may be granted from minimal to full control, with 
compliance of controlled streams, which may alter or withdraw control privileges. 

6. The processor of claim 2 wherein master status and interstream control hierarchy is 
30 recorded and amended by at least one on-chip bit map. 
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7. The processor of claim 6 wherein each stream maintains and edits a bitmap granting 
or withdrawing control privileges for each other stream, the settings valid for any 
stream but a Master stream, which will ignore the settings. 

5 

8. A method for providing cooperation among software threads running concurrently 
in separate streams of a multi-streaming processor, comprising steps of: 

(a) implementing interstream control mechanisms in the processor, wherein any 
stream may exert control functions on any other stream; 
10 (b) establishing control access privileges associated with each stream wherein 

scope of control for every other stream is recorded; and 

(c) exercising interstream control between operating streams using the control 
mechanisms within the scope recorded for each stream. 

1 5 9. The method of claim 8 wherein the scope of control includes one or more of 
enabling or disabling another stream, putting another stream into a sleep mode or 
awakening another stream from a sleep mode, setting priorities for another stream 
relative to access to functional resources, and granting blocking access by another 
stream to functional resources. 

20 

10. The method of claim 9 further comprising a step for setting a master mode, 
wherein one stream is granted master status, and thereby may exert any and all 
available control mechanisms relative to other streams without interference by any 
stream. 

25 

1 1 . The method of claim 10 wherein more than one stream is granted Master status 
and the streams granted Master status may each run a Master thread exercising Master 
control over specific other streams not under control of another Master stream. 
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12. The method of claim 9 wherein the interstream control mechanisms include 
supervisory modes, wherein control may be granted from minimal to full control, with 
compliance of controlled streams, which may alter or withdraw control privileges. 



5 13. The method of claim 9 wherein master status and interstream control hierarchy is 
recorded and amended by at least one on-chip bit map. 



14. The method of claim 13 wherein each stream maintains and edits a bitmap granting 
or withdrawing control privileges for each other stream, the settings valid for any 

1 0 stream but a Master stream, which will ignore the settings. 

15. A computing system comprising: 

input apparatus for acquiring data to be processed; 

memory elements for storing data and executable code for controlled use; and 
1 5 a multi-streaming processor; 

Characterized in that the multi-streaming processor has a plurality of streams 
for streaming one or more instruction threads, a set of functional resources for 
processing instructions from streams, and interstream control mechanisms whereby any 
stream may effect the operation of any other stream. 

20 

16. The system of claim 15 wherein the interstream control mechanisms include 
mechanisms for accomplishing one or more of enabling or disabling another stream, 
putting another stream into a sleep mode or awakening another stream from a sleep 
mode, setting priorities for another stream relative to access to functional resources, 

25 and granting blocking access by another stream to functional resources. 

17. The system of claim 16 wherein the interstream control mechanisms include a 
master mode, whereby one stream is granted master status, and thereby may exert any 
and all available control mechanisms relative to other streams without interference by 

30 any stream. 
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1 8. The system of claim 17 wherein more than one stream is granted Master status and 
the streams granted Master status may each run a Master thread exercising Master 
control over specific other streams not under control of another Master stream. 

5 

19. The system of claim 16 wherein the interstream control mechanisms include 
supervisory modes, wherein control may be granted from minimal to full control, with 
compliance of controlled streams, which may alter or withdraw control privileges. 

10 20. The system of claim 17 wherein master status and interstream control hierarchy is 
recorded and amended by at least one on-chip bit map. 

21, The system of claim 120 wherein each stream maintains and edits a bitmap granting 
or withdrawing control privileges for each other stream, the settings valid for any 

1 5 stream but a Master stream, which will ignore the settings. 

22. A process for initializing at power-on or reset a multi-streaming processor having 
a plurality of streams for streaming one or more instruction threads, a set of functional 
resources for processing instructions from streams, and interstream control 

20 mechanisms whereby any stream may effect the operation of any other stream, the 
process comprising steps of: 

(a) designating one stream of the multi-streaming processor as a Master 
Stream, the Master stream capable of setting status and control modes for all other 
streams without interference; 
25 (b) starting a Master thread in the Master Stream, the Master thread 

comprising code for initializing all other streams; and 

(c) executing the Master Stream code, and thereby setting initial status and 
control modes for all other streams, 
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23. The process of claim 22 further comprising a step (d) for starting, by the Master 
Stream running the Master thread control code, an initial thread in at least one slave 
stream subordinate to the Master Stream. 



5 



24. The process of claim 23 further comprising a step (e) for the Master thread 
vacating the stream designated as the Master Stream, and starting a different thread in 
that stream. 
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